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ABSTRACT
We re-process the Atacama Large Millimeter/Submillimeter Array (ALMA) long-baseline science veri-
fication data taken toward HL Tauri. As shown by the previous work, we confirm that the high spatial
resolution (∼ 0.′′019, corresponding to ∼ 2.7 AU) dust continuum images at λ = 0.87, 1.3, and 2.9 mm
exhibit a multiple ring-like gap structure in the circumstellar disk. Assuming that the observed gaps
are opened up by currently forming, unseen bodies, we estimate the mass of such hypothetical bodies
based on following two approaches; the Hill radius analysis and a more elaborated approach developed
from the angular momentum transfer analysis in gas disks. For the former, the measured gap widths
are used for calibrating the mass of the bodies, while for the latter, the measured gap depths are
utilized. We show that their masses are likely comparable to or less than the mass of Jovian plan-
ets, and then discuss an origin of the observed gap structure. By evaluating Toomre’s gravitational
instability (GI) condition and cooling effect, we find that the GI might be a possible mechanism to
form the bodies in the outer region of the disk. As the disk might be gravitationally unstable only
in the outer region of the disk, inward planetary migration would be needed to construct the current
architecture of the hypothetical bodies. We estimate the gap-opening mass and show that type II
migration might be able to play such a role. Combining GIs with inward migration, we conjecture
that all of the observed gaps may be a consequence of bodies that might have originally formed at
the outer part of the disk, and have subsequently migrated to the current locations. While ALMA’s
unprecedented high spatial resolution observations can revolutionize our picture of planet formation,
more dedicated observational and theoretical studies are needed in order to fully understand the HL
Tau images.
Keywords: planetary systems — stars: pre-main sequence — stars: individual (HL Tauri) — tech-
niques: interferometric
1. INTRODUCTION
Explorations and studies of young circumstellar disks
reveal important physical processes that are fundamen-
tal to the formation and evolution of planetary sys-
tems. The spatial distribution of disk materials around
young stellar objects (YSOs) is a direct source of in-
formation from observations. By observing the distri-
bution at different evolutional stages, one can investi-
gate where and how the disk materials will be used for
the formation of planetary systems. A number of in-
teresting structures have been observed in circumstellar
disks around low and intermediate mass YSOs at op-
tical, infrared, and radio wavelengths (Thalmann et al.
2010, 2014; Andrews et al. 2011; Hashimoto et al. 2012;
Debes et al. 2013; Fukagawa et al. 2013; Grady et al.
2013; Isella et al. 2013; Akiyama et al. 2015). These
structures are gaps, spiral arms, cavities, and asymme-
try, and imply the presence of planets that may be fully
formed already or may currently be forming. Since the
recent radio observations have provided only large-scale
structures of disks due to low spatial resolutions, the ad-
vent of Atacama Large Millimeter/Submillimeter Array
(ALMA) with significantly upgraded capabilities is in-
deed demanded that are currently providing an invalu-
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able opportunity to probe the disk interior with high spa-
tial resolutions and sensitivities.
HL Tauri (hereafter HL Tau) has been intensively in-
vestigated observationally over the last decades, because
of its nearness to the Sun with a distance of approx-
imately 140 pc (Elias 1978; Kenyon et al. 1994). It
has been classified as an in-between Class I and II T
Tauri star based on its flat spectrum for a range of
2µm . λ . 60µm in the wavelengths in the spectral
energy distribution (SED) (Men’shchikov et al. 1999).
The classification is supported by a number of addi-
tional observational features, such as molecular out-
flow (Monin et al. 1996), large mass accretion rates of
0.9× 10−5 M⊙ yr−1 onto the central star (Hayashi et al.
1993), and a circumstellar envelope with infall or ro-
tational motion which is traced by the CO emission
(Sargent & Beckwith 1991; Hayashi et al. 1993). More
recently, ALMA Partnership et al. (2015) have summa-
rized the results of the ALMA long-baseline science veri-
fication campaign, and have shown that the dust con-
tinuum emissions at 0.87, 1.3, and 2.9 mm surpris-
ingly exhibit a multiple gap structure in the circumstel-
lar disk around HL Tau. The astonishing ALMA im-
ages have immediately stimulated a number of follow-
up studies, wherein origins of observed gaps are dis-
cussed. While condensation fronts (known as snow lines)
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of certain molecule (e.g., Zhang et al. 2015), and/or sec-
ular gravitational instability (e.g., Ward 2000; Youdin
2011; Takahashi & Inutsuka 2014) may be one possibil-
ity, the most intriguing hypothesis would be a planet ori-
gin (e.g., Tamayo et al. 2015; ALMA Partnership et al.
2015; Dipierro et al. 2015). In fact, the ALMA im-
ages provide some signatures that potentially imply
ongoing planet formation in the disk, such that off-
set of the central position between continuum peaks
and the center of the rings increases with the distance
(ALMA Partnership et al. 2015), and that a gap at 25
AU from the central star can be curved by a planet of
approximately 0.5 MJ (Kanagawa et al. 2015).
In this paper, we explore the planet hypothesis further,
and discuss how plausible the current theory of planet
formation is in understanding the observed gap struc-
ture. To proceed, we re-process the ALMA archive data
because a better quality of the dust continuum maps is
desired to estimate the mass of hypothetical unseen plan-
ets more accurately. We find that there is a potential to
improve the quality of the images that were previously
released for the public. This will become possible, be-
cause only a small number of long baseline components
have been included in the ALMA observations toward
HL Tau. As shown by ALMA Partnership et al. (2015),
we confirm that re-processed surface brightness presents
multiple dips at 13.5, 32.4, 65.2, and 77.2 AU. Assuming
that these gaps are formed by unseen, massive objects,
we find that at least two planets in the outer region of
the disk are very likely to be formed by gravitational
instability (GI), while two planets currently located in
the inner region of the disk may be transported from the
outer part of the disk by type II migration. Thus, the
ALMA images of HL Tau can provide profound insights
into the current theory of planet formation.
2. OBSERVATION AND DATA REDUCTION
As a part of the commissioning for the extended con-
figuration including 10 km-long baseline, HL Tau was
selected as a science verification target and observed
on October 24th 2014 at band 3, 6, 7, corresponding
to 2.9, 1.3, and 0.87 mm in wavelength, respectively,
in the program ADS/JAO.ALMA#2011.0.00015.SV (see
also ALMA Partnership et al. 2015). All of the data in-
cluding observed raw visibility data, calibrated data set,
and images are available in the ALMA science verifica-
tion data archive. The baseline lengths were between
∼ 15 and ∼ 15238 m, providing a synthesized beam of
0.′′0822 × 0.′′0544 at band 3, 0.′′0346 × 0.′′0225 at band
6, and 0.′′0189 × 0.′′0285 at band 7. The fields of view
for bands 3, 6, and 7 were ∼ 60.′′7, ∼ 26.′′5, and ∼ 18.′′0,
respectively, in FWHM for the 12 m array. The number
of antennas used in the 12 m array was between 28 and
37. The total integration time including overheads and
calibration is 14.5 h in band 3, 9.5 h in band 6, and 11.9
h in band 7 and the corresponding integration time on
source for each band after data reduction is 7.2 h, 4.9 h,
and 5.4 h, respectively.
The ALMA calibration includes simultaneous observa-
tions of the 183 GHz water line with water vapor ra-
diometers that measure the water column in the antenna
beam, later used to reduce the atmospheric phase noise.
J0510+1800, J0423-0120, J0238+1636, and J0237+2848
were used to calibrate the bandpass and amplitude, and
the quasars J0431+2037 and J0431+1731 were selected
as phase calibrators in the observations.
Data reduction was performed using version 4.2.2 of
the Common Astronomy Software Applications pack-
age (CASA) and the deconvolution was done using task
CLEAN to make images from the final calibrated visi-
bilities. The continuum data itself as a model was used
in self-calibration and only phase correction was applied.
The self-calibration was conducted in four steps by de-
creasing the solution interval from 600 sec, 300 sec, 150
sec, and finally to scan time. To more clearly and accu-
rately recover the extended component, we increase the
quantity of contributing data by modifying, for exam-
ple, the minimum number of baselines per antenna (min-
blperant) and the minimum signal to noise ratio (minsnr)
required for gain solutions during the self-calibration. We
applied minblperant = 4 and minsnr = 2 for the self
calibration while minblperant = 6 and minsnr = 3 are
recommended in the ALMA CASA guide. Since some
structures are already visible even in the dirty image, we
at first selected the only central emission component that
can be assumed as a Gaussian distribution for CLEAN
process. Then, we extended the CLEAN box area grad-
ually, and finally we CLEANed all of the components.
3. RESULTS
Figure 1 shows re-processed images of the dust con-
tinuum emission from the disk at each band (top pan-
els), their corresponding synthesized beam maps (mid-
dle panels), and their uv-coverages (bottom panels).
We have examined the surface brightness map by pixel
by pixel along the direction of position angle of 138◦
(ALMA Partnership et al. 2015), and identified the po-
sition of gaps where the surface brightness takes a mini-
mum value. We have made use of the position to define
the distance of the gaps from the central star (rp). As
shown by ALMA Partnership et al. (2015), clear dips are
seen at ∼ 13.5, ∼ 32.4, ∼ 65.2, and ∼ 77.2 AU from the
continuum peak.
Figure 2 shows the comparison between our re-
processed 0.87 mm continuum image (a) and the orig-
inal ALMA archive image (b). In the archive image in
Figure 2 (b), radially-oriented fuzzy structures are seen
especially from north-west to south-east direction, which
are probably caused by missing short baseline compo-
nents (ALMA Partnership et al. 2015, private commu-
nication). In our re-processed images in Figure 2 (a),
however, the structures are eliminated and the much
clearer ring-like emission is retrieved in the outer region
of the disk. One possible explanation for eliminating the
structures can be the data flag condition we applied for
the gain calibration. Since we increase the acceptable
data during the self-calibration by reducing the mini-
mum number of baselines per antenna and the minimum
signal to noise ratio when determining the gain solution,
the short spacing components were not flagged in the self-
calibration. This also implies that the observation was
conducted very accurately in the ALMA long baseline
commissioning campaign since we accepted more data
with low signal to noise ratio and as a result obtain the
better image.
Figure 3 a and b shows the radial profile of the
surface brightness along the semi-major axis (P.A. =
138◦; ALMA Partnership et al. 2015). We define the gap
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width (∆rp) designated by sets of two vertical lines as
follows; first, we measure the value of the surface bright-
ness (Lgap) at the position of gaps (r = rp) and the
corresponding gap depth (∆Lgap) there. Second, we find
out the positions at which the surface brightness takes
the value of Lgap + 0.5∆Lgap. As a result, we obtain
the following gap widths; 5.0, 4.1, 6.2, and 4.5 AU, at
rp = ∼ 13.5, ∼ 32.4, ∼ 65.2, and ∼ 77.2 AU in radius,
respectively. Note that, while one may notice that there
may be more ring-like structures in the continuum image
of HL Tau, we focus on only four gaps whose widths are
clearly specified. In other words, the resultant properties
of gaps are measured accurately, so that our analysis can
safely be applied (see below).
We also show the difference between our re-processed
image and the ALMA archive one (see Figure 3c). In
the plot, the residual surface brightness is presented, by
subtracting the profile of the ALMA archive image from
the one generated from our reprocessed image. Figure 3d
finally represents the fraction of residuals with respect to
the profile of our re-processed image. The results indi-
cate that the difference becomes up to 20 to 40 % in the
gap region. The total flux densities at each band are
measured to be 73 mJy in band 3, 800 mJy in band 6,
and 2.3 Jy in band 7, and the corresponding achieved
rms are down to 10, 18, and 24 µJy, respectively. We
thus confirm that our measurement is consistent with the
flux density of 700 ± 10.3 mJy that is derived from the
previous observations at λ = 1.3 mm taken by the Com-
bined Array for Research in Millimeterwave Astronomy
(CARMA, Kwon et al. 2011).
We have noticed through the re-processing of images
that only 17 out of 780 antenna combinations had a base-
line of more than 10 km. This corresponds to only two
percent of the total number of baselines, and thus in-
dicates that the images still have some potential to be
improved. We quantify how much the long baseline com-
ponents contribute to the images. This can be done
by computing the maximum angular resolution (θmax),
which can be written as
θmax = a×
λ
Bmax
, (1)
where λ is the wavelength, Bmax is the maximum baseline
length, and a is a coefficient to calibrate how effective the
longest baseline components are to create images. Note
that a should be between 0.5 and 1.0 if visibilities ob-
tained by the longest baseline components are sufficiently
contained in the data. For our re-processed images, a be-
comes 1.6, and thus it can be concluded that images of,
in particular, small structure still have some potential for
further improvement in their angular resolution. While
it is important to seek better images, the image qual-
ity achieved by our re-processing is sufficiently high for
the following discussion, and we leave a more complete
discussion of improving images for future work.
4. IMPLICATIONS FOR PLANET FORMATION
The dust continuum images with high spatial resolu-
tions and sensitivities clearly show the gap morphology
in the disk around HL Tau. Assuming that the gaps are
opened up by unseen bodies, the precise measurements
of gap widths make it possible to estimate the mass of
the bodies more accurately than ever before. To this end,
we utilize the observed radial surface brightness profile.
Based on the mass estimate, we explore possible forma-
tion mechanisms of the bodies and discuss how plausible
the current theories of planet formation are to account
for the observed gap structure. We here focus on the four
clear gaps as discussed above (see Figure 1).
4.1. Disk model
In this section, we describe a disk model that is utilized
for estimating planet masses.
We adopt a simplified version of a disk model used in
Kwon et al. (2011); Kwon et al. (2011) consider the vol-
ume density of gas (ρg(r, z)) and the corresponding disk
temperature (T (r, z)), both of which are functions of r
and z. On the other hand, we integrate ρg((r, z)) for the
vertical direction and assume that the disk temperature
can be modeled by the two characteristic temperatures
(Ts(r) and Ti(r)), where Ts(r) represents the tempera-
ture of disk surfaces, and Ti(r) denotes the temperature
at the midplane. Thus, the surface density distribution
of gas (Σg(r)) becomes essentially comparable to the fa-
mous similarity solution (Pringle 1981), and can be writ-
ten as
Σg(r)=ρ0
√
πH(r)
(
r
rc
)−p
(2)
× exp
[
−
(
r
rc
)7/2−p−q/2]
,
where ρ0 is a constant, H(r) is the pressure scale height,
p is a fitting parameter, and q = 0.43 is the exponent
that involves the radial temperature profile (see Table
1). Note that ρ0 is computed for a given value of the
disk mass (Md). For both Ts and Ti, a simple power-
law distribution is assumed, that is, Ts = Ts0(r/rc)
q and
Ti = Ti0(r/rc)
q following Kwon et al. (2011). Since we
currently examine sub-mm observations, Ti plays an im-
portant role in reproducing the observations.
Based on the above disk model, Kwon et al. (2011)
perform the Markov Chain Monte Carlo analysis, and
derive a best set of model parameters with which the ob-
served quantities such as images are well reproduced. We
simply use the results of their best fit case (see Table 1).
One may then wonder how reasonable it is to interpret
new ALMA observations using previous results derived
from observations with moderate spatial resolutions. We
examine this issue by calculating the surface brightness
at each band to identify how well they match with the
ALMA observations. Figure 4 shows the resultant sur-
face brightness derived from Kwon’s model. Note that
for a given value of Σg(r) and Ti(r), the surface bright-
ness was computed, following Dullemond et al. (2001)
(see their equation (21)). The results indicate that the
Kwon’s model can reproduce the ALMA observations in
all bands very well except for the gap regions. Thus,
it can be concluded that disk models that can well re-
produce the previous observations with moderate spatial
resolutions are still valuable to characterize the global
structure of disks.
4.2. The mass of hypothetical bodies
We now estimate the mass of hypothetical bodies by
which the observed gaps can be opened. To proceed,
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Table 1
Summary of model parameters†
T
‡
0
p q β κ0,@230GHz rin rc gtd Mdisk i
free param. 1.064 0.43 0.729 0.01 2.4 AU 78.9 AU 100 0.1349 M⊙ 40.3
† see Kwon et al. (2011) and references therein.
‡ We treat T0 as a free parameter because the temperature can not be well constrained at mm/sub-mm wavelengths (see Figure 3
in Kwon et al. 2011).
we make use of the surface brightness profile obtained
in the above section. Note that it is assumed that the
central star is located at the observed continuum peak.
We estimate their masses by following two approaches;
the Hill radius analysis and a more detailed method in
which the balance of angular momentum transfer is con-
sidered. The advantage of the first method is simple and
independent of disk quantities such as surface density,
temperature, or turbulent viscosity, which are sometimes
poorly constrained. The advantage of the second method
is a good capturing of disk physics, wherein angular mo-
mentum transfer is triggered both by a planet and by gas
disks due to viscosity and pressure.
First, we adopt the Hill radius analysis and examine
the resultant mass of the bodies. Assuming that the
gap width (∆rp) is comparable to the Hill radius of the
bodies, ∆rp is related to the mass of the bodies (Mp,hill)
as
∆rp ≃
(
Mp,hill
3M∗
)1/3
rp, (3)
where M∗ = 0.55M⊙ is the stellar mass (Kwon et al.
2011), rp is the distance from the continuum peak to the
bodies. Since the radial profile of the continuum image
at λ = 0.87 mm (band 7) shows the most detailed gap
structure due to the highest spatial resolutions, we use
the data at band 7 (see Figure 3a). Table 2 summarizes
the resultant value of Mp,hill at each gap. We find that
the object at the innermost orbital radius is more than
80 MJ , which is so massive that the body can be viewed
as a substellar object, rather than a planetary compan-
ion. All of the other bodies have masses approximately
comparable to jovian planets. Note that while we have
assumed so far that 3rd and 4th gaps are individual ones,
we have also examined a possibility that these two are ac-
tually classified as one large gap. This may be implied by
the radial surface brightness profile (see Figure 4); it may
show that 3rd and 4th gaps are just a sub-substructure
of one large gap. If this is the case, ∆rp = 16.7
+0.4
−0.5 AU
and rp = 71.8
+1.4
−1.0 AU, which ends up with Mp,hill that
becomes 22 ± 3 MJ . As expected, the value is so large
that the body is more likely to be a substellar object.
Based on the above discussion, the Hill radius analysis
results in the value of masses that are quite large, espe-
cially for the innermost gap. This may suggest that the
method itself is over-simplified, and hence leads to a sig-
nificant overestimate of planetary masses. Accordingly,
we now adopt a more detailed method and re-estimate
the resultant masses.
There are a number of dedicated studies in which
the gap structure is investigated by taking account of
the balance of angular momentum transfer in gas disks
under the action of tidal torque arising from plan-
ets (e.g., Lin & Papaloizou 1979; Goodman & Rafikov
Table 2
Summary of the gap properties and the mass of hypothetical
bodies
Gap rp ∆rp Mp,hill
† Mp
‡
[AU] [AU] [MJ ] [MJ ]
1 13.5 +0.4−0.4 5.0
+0.1
−0.1 88.8
+5
−5 0.85
2 32.4 +0.6−0.4 4.1
+0.2
−0.2 3.6
+0.7
−0.6 0.61
3 65.2 +1.3−0.9 6.2
+0.6
−0.8 1.5
+0.5
−0.5 0.62
4 77.2 +0.8−0.7 4.5
+0.4
−0.4 0.3
+0.1
−0.1 0.51
† the planet mass derived from Hill radius (see equation (3))
‡ the planet mass derived from the method of Kanagawa et al.
(2015)
2001). Here, we follow a method derived by
Kanagawa et al. (2015). In the method, the gap depth
(rather than the gap width) is required to estimate the
planet mass, which can be written as (see their equation
(7))
Mp
M⋆
=5× 10−4
(
1
Σp/Σ0
− 1
)1/2
(4)
×
(
hp
0.1
)5/2 ( α
10−3
)−1/2
,
where Mp is a planet mass, Σp is the surface density
at the planet orbital radius, Σ0 is the surface density
where no planet exists, hp is a disk aspect ratio, and α
is viscosity, respectively.
Adopting the disk model given by Kwon et al.
(2011) coupled with some disk parameters used by
Kanagawa et al. (2015), we compute the mass of hypo-
thetical bodies that can curve the observed gaps. Table
2 tabulates the outcome. The results show that the com-
puted value of the mass at all of the gaps becomes com-
parative or less than a Jupiter mass, which is consistent
with the estimate done in other studies (Tamayo et al.
2015; Dipierro et al. 2015). An an additional confirma-
tion, we have also computed the mass of bodies, following
a method proposed by Crida et al. (2006) (The results
are not shown in this paper). For this case, the gap
width is needed to estimate the mass as done in the Hill
radius analysis. We have found that, within the uncer-
tainty of disk viscosity and stellar mass, the resultant
values are all consistent with those summarized in Table
2. This indicates that, while some disk quantities may
be uncertain, the second approach would provides a more
accurate value in the mass estimate. We therefore will
use the value of masses derived from a method introduced
in Kanagawa et al. (2015) in the following section.
4.3. Formation Mechanisms
We now discuss what kind of formation mechanism(s)
of the bodies can be plausible to account for the observed
HL Tau 5
Table 3
Summary of results
Gap Σg(rp) T (rp) Σg,min(rp)
∗ Tmin(rp)
∗ GI Mgap Migration
[g cm−2] [K] [g cm−2] [K] [MJ ] Hill
† Crida‡
1 45 30 1.4× 103 64 No 0.1 Type II 0.14
2 49 21 1.4× 102 22 No 0.2 Type II 0.44
3 34 15 29 8 Yes 0.36 Type II 0.68
4 26 14 18 6 Yes 0.41 Type II 1.10
∗ the value derived from the disk model of Kwon et al. (2011)
† the results from Hill radius analysis (see equation (8))
‡ the results from a method proposed by Crida et al. (2006)
gap structure. Currently, there are two planet formation
mechanisms that are actively investigated: the core ac-
cretion (CA) and the gravitational instability (GI) sce-
narios. In the CA, which is the widely accepted the-
ory of planet formation, the formation of planets divides
into two phases (e.g., Pollack et al. 1996; Ida & Lin 2004;
Hasegawa & Pudritz 2014). In the first phase, plane-
tary cores form via the so-called runaway and oligarchic
growth (e.g., Wetherill & Stewart 1989; Kokubo & Ida
1998), while in the second phase, the surrounding gas
in disks accretes on the formed cores (Mizuno 1980;
Stevenson 1982; Ikoma et al. 2000). In the GI, contrast-
ingly, planets form in gravitationally unstable disks as
stars form in gravitationally unstable molecular clouds
(e.g., Boss 1997; Gammie 2001; Rafikov 2005; Cai et al.
2006; Kratter et al. 2010; Meru & Bate 2010). In this
case, massive disks are needed to trigger GIs there, which
ends up with fragmentation of the disks and the resul-
tant formation of massive clumps. In the following dis-
cussion, we attempt to examine the possibility that the
GI might actually work in this system. This is natu-
rally motivated by the observational results that HL Tau
is currently viewed as the intermediate phase between
Classes I and II, and thereby its disk may be massive
enough to trigger the GI.
We first compute the minimum value of the surface
density of gas (Σg,min) that is required to trigger GIs.
Based on the so-called Toomre Q condition (Toomre
1964), Σg,min can be written as (Rafikov 2005)
2, in the
optically thick limit,
Σg,min≃ 2.6× 106 g cm−2 (5)
×
(
M∗
M⊙
)7/8 ( rp
1AU
)−21/8( κ
κ0
)1/4
,
where κ = κ0 (ν/ν0)
β
is the opacity. We set κ0 = 0.01
cm2 g−1, ν0 = 230 GHz and β = 0.729, following the
disk model of Kwon et al. (2011). The resultant value of
Σg,min is summarized in Table 3. One immediately finds
that Σg at r = 65.2 AU and r = 77.2 AU exceeds the
value of Σg,min, indicating that the minimum condition
of the GI is satisfied at these two positions. To further
visualized this trend, Figure 5 a shows the region in which
GIs can operate (see the hatched region).
However, we cannot fully conclude yet that the GI can
really operate there. This is because it is important to ex-
amine the cooling condition that assures that disks frag-
2 Note that we assume that τ = κΣ and include the
Σ−dependence in τ to derive Σg,min.
ment into self-gravitating clumps (e.g., Gammie 2001).
To proceed, we calculate the minimum disk temperature
(Tmin(r)) that is required to satisfy the cooling condi-
tion. The actual formula can be given as (Rafikov 2005),
in the optically thick limit,
Tmin(r)≃ 1.4× 103 K
( r
1 AU
)−6/5
(6)
×
(
M∗
1M⊙
)2/5(
κ
κ0
)2/5(
Σg
10 g cm−2
)2/5
.
The resultant value of Tmin(rp) is summarized in Table
3. We find that Σg(rp) and T (rp) at r = 65.2 AU and r =
77.2 AU exceeds Σg,min and Tmin(rp). As done in Figure
5 a, the region where GIs can be feasible in terms of
Tmin(rp) is denoted by the hatched region in Figure 5 b.
Our analysis therefore suggests that, when the observed
gaps originate from the presence of unseen bodies, the GI
is very likely to be a mechanism for the gaps at r = 65.2
and 77.2 AU. Note that our finding is consistent with the
results of Kwon et al. (2011), which indicate that the HL
Tau disk may be gravitationally unstable in the outer
region, especially the region between 50 AU and 100 AU
in radius.
In the case of HL Tau, therefore, GIs can occur in the
region beyond r ∼ 52 AU, where both of the conditions
are simultaneously met.
4.4. Origins of hypothetical bodies at the gaps
As discussed above, the gaps located in the outer part
of the disk may be related to GIs, which can form massive
clumps, possibly the progenitors of planets. How about
the gaps located in the inner part of the disk (at r = 13.5
and 32.4 AU)? Is there any possibility that an origin of
these gaps can be discussed in the same framework as
above? To this end, we focus on planetary migration that
is induced mainly by the disk gas. Here, we attempt to
discuss how all of the observed gaps can be established,
coupling GIs with planetary migration.
Planetary migration arises from tidal resonant inter-
actions between massive bodies and the surrounding
gas disks, which leads to the efficient angular momen-
tum transfer between them (e.g., Kley & Nelson 2012,
for a review). There are mainly two modes in migra-
tion that are classified by the mass of migrating bod-
ies: type I and type II (e.g., Ward 1997; Nelson et al.
2000; Tanaka et al. 2002; Paardekooper et al. 2010;
Hasegawa & Ida 2013). Type I migration is effective for
low-mass bodies such as cores of gas giants and terres-
trial planets, and the direction of the migration is very
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sensitive to the disk structure such as the surface density
and the temperature. Type II migration becomes im-
portant for massive bodies such as Jovian planets in our
solar system, and its direction is generally regulated by
the bulk gas flow in the disks, that is, spiraling toward
the central star.
We first determine which type of migration can take
place in the HL Tau system. This can be done by es-
timating the so-called gap opening mass (Mgap) above
which planets are sufficiently massive to open up a gap
in their gas disk via disk-planet interactions, and hence
the planets will undergo type II migration. In princi-
ple, Mgap can be formulated either by the Hill radius
analysis or by a disk viscosity analysis (e.g., Crida et al.
2006; Hasegawa & Pudritz 2014). We first adopt the Hill
radius analysis to compute Mgap, which can be written
as
Mgap≃ 2.7M⊕ (7)
×
( r
1 AU
)3/2( M∗
1M⊙
)−1/2(
T
100K
)3/2
.
Note that the HL Tau disk would have a high value of
disk accretion rates, equivalently a high value of the disk
turbulence. As a result, our estimate may become con-
servative in the sense that the Hill radius analysis would
provide a lower value of Mgap. The resultant value of
Mgap is summarized in Table 3. We find that type II
migration would be a dominant mode of migration at all
of the gaps.
We now can examine how valid the Hill radius analysis
is by adopting a disk viscosity analysis. We relay on a
criterion of Type II migration derived from Crida et al.
(2006), which can be written as (see their equation (15))
R =
3
4
H
RH
+
50
qˆRe ∼< 1, (8)
where H is the pressure scale height of the disk, RH
is the Hill radius, qˆ is the mass ratio of the planet to
the central starMp/M⋆, and Re is the Reynolds number
rˆ2pΩp/ν, where rˆp is the distance to the planet from the
central star, Ωp is the angular velocity of the planet, and
ν is the disk viscosity, respectively.
Based on the criterion, planets can undergo Type II
migration when the value is less than unity, and they can
experience Type I migration when it becomes larger than
unity. Table 3 summarizes the resultant value. We find
that all of the hypothetical bodies may undergo Type II
migration, except the outermost body. The resultant R
for the outermost one marginally exceeds unity. In addi-
tion, it can naturally be expected that the disk viscous
parameter (α) would have a relatively large uncertainty,
which can end up with an overestimate of R. Thus, it can
be concluded that both the approaches lead to a roughly
consistent consequence, which suggests that type II mi-
gration can be effective for hypothetical bodies.
If Type II migration is the case, we can develop an
intriguing conjecture as follows: the hypothetical bodies
that might play some role in opening up the two inner
gaps (r = 13.5 AU and r = 32.4 AU) might have formed
originally in the outer part of the disk where GIs can
operate. Then, the bodies might subsequently have un-
dergone type II migration. Since the direction of type
II migration is inward for most of the cases, they would
eventually have arrived at the current locations. In other
words, the outer part of the disk would act as the main
site of forming all of the massive bodies, and all of the
observed gaps in the HL Tau system might be established
by the following inward migration of the bodies.
The unprecedented high spatial resolution images of
HL Tau derived from ALMA observations have a sub-
stantial potential of revolutionizing our picture of planet
formation. As discussed above, the observed multiple
gap structure may be a consequence of the coupling of
GIs with inward planetary migration. Nonetheless, it is
obvious that further observational and theoretical stud-
ies are needed to examine our conjecture. For instance,
the current image quality can be further improved by
conducting long-baseline observations. Moreover, opti-
cally thin line observations such as 13C18O or deuterium
molecules are demanded to investigate the gas distribu-
tion near the mid-plane of the disk. We also cannot fully
exclude the hypothesis that the estimated Jovian bodies
in the analysis might form via CA.
5. CONCLUSION
We re-processed ALMA science verification archive
data of HL Tau and as a result, a better continuum image
in particular at λ = 0.87 mm was obtained. The radial
surface brightness profiles derived from the new images
precisely display a clear outline of gap structures. As-
suming the observed gaps are opened up by unseen bod-
ies, we estimate the mass of such bodies by following 2
approaches; a simple Hill radius analysis and a more elab-
orated approach developed from the angular momentum
transfer analysis. In the Hill radius analysis, the esti-
mated planet mass results in a large value in particular
at the innermost gap, indicating that the analysis is too
simplified. In the angular momentum transfer analysis,
we apply Kanagawa et al. (2015) model and as a result,
the planet masses are comparable or less than Jovian
planet mass. We also confirmed that the same results
can be obtained by Crida et al. (2006) model.
By evaluating Toomre’s GI condition and cooling ef-
fect, we found that the GI can operate in the region be-
yond 50 AU from the central star. We also show the
bodies are massive enough to open up the gas disk and
hence can undergo inward type II migration. Combining
GIs with inward migration, we conjecture that all of the
observed gaps may be a consequence of bodies that might
have originally formed at the outer part of the disk, and
have subsequently migrated to the current locations. The
optically thin gas observations with high spatial resolu-
tion that can trace the gas around the mid-plane would
bring us to fully understand the HL Tau images. In our
subsequent paper, we will undertake more detailed radia-
tive transfer modeling and perform a careful comparison
with the observations, which will enable us to develop a
more quantitative analysis of our conjecture.
This paper makes use of the following ALMA data:
ADS/JAO.ALMA♯2011.0.00015.SV. ALMA is a part-
nership of ESO (representing its member states), NSF
(USA) and NINS (Japan), together with NRC (Canada),
NSC and ASIAA (Taiwan), and KASI (Republic of
Korea), in cooperation with the Republic of Chile.
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Figure 1. Dust continuum emission maps of HL Tau at 2.9 mm
(a), 1.3 mm (b), and 0.87 mm (c) are provided with corresponding
images of their synthesized beam maps (psf) and uv-coverages. The
beam size at each wavelength is provided as a white filled ellipse
in the lower left corner in the top panels (A color version of this
figure is available in the online journal).
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Figure 2. Comparison of the 0.87 mm continuum dust emission
of HL Tau between our re-processed image (a) and the archive
data (b). (A color version of this figure is available in the online
journal).
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Figure 3. Panels (a) and (b) are the surface brightness profiles
generated from our re-processed image (Figure 2 a) and the ALMA
science verification archive data (Figure 2 b) along the semi-major
axis (PA = 138◦), respectively. The error bars show 5 σ. Note that
the systematic error in the absolute flux determination is expected
to be approximately 10 % at most (see ALMA Proposers Guide and
Capabilities). The beam size is shown on the upper right corner
of the panel (a) as a reference. The arrows indicate the location
of each gap and pairs of the vertical solid lines describe the width
at each gap. Panel (c) indicates the residual that is computed by
subtracting (b) from (a), and the panel (d) represents the fraction
of residuals with respect to (a).
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Figure 4. Panels (a), (b), and (c) show surface brightness profiles
(see the solid curve) at 2.9, 1.3, and 0.87 mm in wavelengths along
the semi-major axis (PA = 138◦), respectively. The dashed curve
represents the profile generated by Kwon et al. (2011) model. The
error bar represents 5 σ and the horizontal line at the lower left
corner indicates the beam size at each wavelength. Panel (d) repre-
sents the radial temperature distributions at the disk surface (solid
curve) and the mid-plane (dashed curve) of the disk computed from
Kwon et al. (2011) model.
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Figure 5. Panel (a) represents the surface density distribution
of Kwon et al. (2011) model (see the solid line, also see equation
(4)) and the minimum surface density of gas (Σg,min) that is re-
quired to trigger GIs (see the dashed curve). Panels (b) shows
the radial temperature distribution given by power low function
in Kwon et al. (2011) model (see the solid line) and the minimum
disk temperature (Tmin) that is required to satisfy the cooling con-
dition of the GI (see the dashed line). The shaded area in both of
the panel represents the region where the GI can be invoked.
